Endothelial dysfunction induced by hyperhomocysteinemia (HHcy) plays a critical role in vascular pathology. However, little is known about the role of endoplasmic reticulum (ER) redox homeostasis in HHcy-induced endothelial dysfunction. Here, we show that Hcy induces ER oxidoreductin-1α (Ero1α) expression with ER stress and inflammation in human umbilical vein endothelial cells and in the arteries of HHcy mice. Hcy upregulates Ero1α expression by promoting binding of hypoxia-inducible factor 1α to the ERO1A promoter. Notably, Hcy rather than other thiol agents markedly increases the GSH/GSSG ratio in the ER, therefore allosterically activating Ero1α to produce H 2 O 2 and trigger ER oxidative stress. By contrast, the antioxidant pathway mediated by ER glutathione peroxidase 7 (GPx7) is downregulated in HHcy mice. Ero1α knockdown and GPx7 overexpression protect the endothelium from HHcy-induced ER oxidative stress and inflammation. Our work suggests that targeting ER redox homeostasis could be used as an intervention for HHcy-related vascular diseases.
may function as a second messenger by chemoselective oxidation of cysteine residues, excess H 2 O 2 can exert a toxic effect on cells by causing over-oxidation of proteins and DNA [19, 20] . There is accumulating evidence that oxidative protein folding in the ER is a source of ER over-oxidation and stress [17, 21, 22] , termed as ER oxidative stress. Thus, Ero1α activity must be tightly regulated in order to prevent excess ROS accumulation and ER oxidative stress. It has been known that the activity of Ero1α is feedback regulated by PDI and its homologues to maintain redox balance in the ER [23] [24] [25] . Interestingly, Hcy was reported to activate Ero1α in the gastrointestinal tract [26] ; however, the underlying mechanism and pathological significance to cardiovascular disease are still unknown.
The glutathione peroxidase (GPx) family is a class of major antioxidant enzymes that catalyze the reduction of H 2 O 2 [27] . The family comprises eight members, GPx1-GPx8, of which only GPx7 and GPx8 are located in the ER [28] . In HHcy mice, the regulation of GPx1 is directly linked to the endothelial function and vascular homeostasis [29] . We and others have showed that GPx7 and GPx8 can eliminate Ero1α-produced H 2 O 2 . Specifically, the Ero1α/GPx7/PDI triad couples H 2 O 2 elimination and disulfide generation to ensure efficient and safe oxidative protein folding [30] . Interestingly, deficiency of GPx7 is associated with increased carcinogenesis and shortened lifespan [31, 32] . Nevertheless, whether GPx7 plays a role and the relationship between GPx7 and Ero1α in Hcy-induced ER oxidative stress are still open questions.
Here, we reported that Hcy induced the expression of ER sulfhydryl oxidase Ero1α, together with ER stress and inflammation, in human umbilical vein endothelial cells (HUVECs) and in the arteries of HHcy mice. At the transcriptional level, Hcy promoted the binding of hypoxia-inducible factor 1α (HIF-1α) to the promoter of ERO1A and upregulated Ero1α expression. At the post-translational level, Hcy allosterically activated Ero1α by increasing the GSH/GSSG ratio in the ER. The increased Ero1α activity produced excess H 2 O 2 and led to protein over-oxidation in the ER, activation of the unfolded protein response (UPR) and endothelial inflammation. Knockdown of Ero1α ameliorated Hcy-induced ER oxidative stress and inflammation in endothelial cells both in vivo and ex vivo. On the other hand, the nuclear factor erythroid 2-related factor 2 (NRF2)-GPx7 antioxidant pathway was downregulated in HHcy mice. Overexpression of GPx7 protected the endothelium from Hcy-induced ER oxidative stress and inflammation in in vivo and ex vivo experiments. Altogether, HHcy disrupts the Ero1α/ GPx7 balance and impairs ER redox homeostasis, leading to ER oxidative stress and endothelial inflammation.
Results

Ero1α expression is induced with ER stress and inflammation in the thoracic aortas of HHcy mice
Vascular ER stress and inflammation have been probed in chronic HHcy mice with a clinically relevant level of plasma Hcy (20-30 μM) [33] . Consistent with the previous study, we found that the IRE1 branch of the UPR was activated, manifested as an upregulated level of the spliced form of X-box-binding protein 1 (XBP1), in HHcy-treated mice compared with control mice (Fig. 1A) . The PERK signaling pathway was also activated, increasing the level of phosphorylated eukaryotic initiation factor 2α (eIF2α), by HHcy stimulation (Fig. 1A) . The adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) are two proinflammatory markers predominantly in vascular endothelium [34, 35] , which were significantly induced in HHcy mice (Fig. 1B) . Since Hcy is a sulfur amino acid with reducing power, we next studied whether ER redox homeostasis could be affected by HHcy. As a pivotal ER sulfhydryl oxidase, Ero1α has been reported to be induced by reductive stress, such as hypoxia and DTT stimuli [26, 36] . Interestingly, the expression of Ero1α was upregulated dramaticallyapproximately sixfoldin blood vessel of HHcy mice (Fig. 1B) . Furthermore, as shown in Fig. 1C and D by immunofluorescence staining, increased expression of ICAM-1, VCAM-1, and Ero1α were found in thoracic aortas of HHcy mice. Altogether, these results suggest that Ero1α is elevated in the vasculature of an HHcy animal model and might be linked to Hcy-induced ER stress and vascular endothelial inflammation.
Hcy upregulates Ero1α and induces ER oxidative stress in HUVECs
Because endothelial dysfunction is regarded as a key early event in vascular disorders [37] , we next explored the effects of Hcy on ER redox homeostasis in HUVECs. Hcy dose-dependently (100-1000 μM) upregulated the protein expression of Ero1α compared with PBS control ( Fig. 2A) . Meanwhile, BiP, the canonical ER stress marker, was also elevated by Hcy treatment, similar to the effects caused by the known ER stress inducer thapsigargin (Thaps, an inhibitor of SERCA calcium pump) ( Fig. 2A) . Actually, the free thiol (-SH) form of Hcy is involved in the pathological effects [38] , and in HHcy mice the total Hcy is 25.28 μM and -SH form of Hcy is 0.58 μM [39, 40] . For moderate HHcy administration (20-200 μM) in vitro, the concentration of -SH form of Hcy is determined to be around 0.2-2 μM [39] , which is within the pathological range. Thus, for the following in vitro experiments, we typically used 200 μM Hcy, which has also been used in several studies to investigate the molecular and cellular mechanisms of HHcy [6, 41] . We found that treating HUVECs with Hcy (200 μM) resulted in timedependently (1-8 h) upregulation of Ero1α and BiP ( Fig. 2B ), similar to the pathological effects of chronic HHcy mice. In parallel, Hcy induced XBP-1 splicing and phosphorylation of eIF2α, indicating that an adaptive UPR was also triggered in HUVECs. Interestingly, the CHOP was induced at the late stage of Hcy treatment, implying that prolonged Hcy treatment may trigger fatal UPR.
Since Ero1α sulfhydryl oxidase catalyzes disulfide formation by utilizing molecular oxygen and produces H 2 O 2 . By using the Amplex red peroxide/peroxidase assay [42] , which can be used to detect H 2 O 2 at very low concentration ( Fig. S1A ), we monitored whether Hcy could induce H 2 O 2 accumulation. Hcy dose-dependently (20-200 μM) increased H 2 O 2 production in HUVECs ( Fig. S1B ). As shown in Fig. 2C , the effect of Hcy on H 2 O 2 production is similar to dithiothreitol (DTT), a potent reducing agent and an artificial substrate of Ero1α [23, 36] . More importantly, Hcy as low as 50 μM largely induced H 2 O 2 accumulation; however, at this concentration other thiol agents including cysteine (Cys), N-acetylcysteine (NAC) and gluthathione (GSH) had little effect, indicating the specific effect of Hcy (Fig. 2C ). The increase of H 2 O 2 production by Hcy can be inhibited by an Ero1α inhibitor (EN460), but not by NOXs inhibitor (DPI) and eNOS inhibitor (L-NMMA) ( Fig. 2D ). One toxic effect of excess H 2 O 2 is the oxidation of the cysteine residues in proteins, resulting in protein dysfunction. We then detected protein cysteine sulfenylation by using a dimedone-labelling method [20] in cells ( Fig. 2E ). As shown in Fig. 2F , sulfenylated proteins accumulated in 200 μM Hcy-treated HUVECs and largely co-localized with the ER lumen marker PDI. Therefore, Hcy effectively induces H 2 O 2 accumulation in the ER of HUVECs, and Hcy-induced ER oxidative stress is likely through the upregulation of Ero1α.
HIF-1α mediates Hcy-induced Ero1α expression in HUVECs
It has been reported that HIF-1α, a proinflammatory transcription factor in endothelial dysfunction [43, 44] , can induce Ero1α during hypoxia [36, 45] . We then hypothesized that HIF-1α is responsible for Hcy-induced expression of Ero1α. Indeed, there was an approximately fivefold increase in HIF-1α expression in the thoracic aortas of HHcy mice compared with control mice (Fig. 3A) . In HUVECs, Hcy increased the expression of HIF-1α and its canonical downstream target, vascular endothelial growth factor (VEGF) ( Fig. S2 ). Activation of HIF-1α by Hcy was confirmed by its nuclear accumulation; CoCl 2 , a hypoxia-mimicking reagent for activating HIF-1α [46] , also induced Ero1α expression like Hcy (Fig. 3B ). Acriflavine (ACF) can directly bind to HIF-1α and inhibit its DNA-binding and transcriptional activity [47] . We observed that ACF inhibited basal Ero1α expression in a dose-dependent manner (0.1-5 μM), accompanied by the accumulation of inactive HIF-1α in the nucleus (Fig. 3C ). Moreover, ACF attenuated the Hcy-induced upregulation of Ero1α protein expression ( Fig. 3D ). In addition, depletion of HIF-1α by RNAi not only reduced the basal level of Ero1α but also abolished the increase of Ero1α expression induced by Hcy treatment (Fig. 3E ). We surveyed the 5′ promoter region of the human ERO1A gene and found two putative hypoxia-response elements, HRE1 (-191/-184 nt) and HRE2 (-4079/-4072 nt), which exactly match the HIF-1 binding motif (5′-NCGTG-3′) ( Fig. 3F ). Chromatin immunoprecipitation (ChIP) assays performed in HUVECs showed that HRE1 but not HRE2 was enriched in HIF-1α immunoprecipitates after Hcy treatment ( Fig. 3F ). Taken together, these results show that Hcy upregulates Ero1α expression via promoting the binding of HIF-1α to HRE1 of the ERO1A promoter in endothelial cells.
Hcy activates Ero1α by perturbing ER redox balance in HUVECs
The sulfhydryl oxidase activity of Ero1α plays an important role in ER redox homeostasis maintenance. In the resting state, Ero1α predominantly exists in the inactive form and can be activated if the allosteric disulfides are reduced. To study whether Hcy leads to H 2 O 2 production by activating Ero1α, we first monitored the redox states of Ero1α in HUVECs. As shown in Fig. 4A , cellular Ero1α shifted from the inactive Ox2 state to the active Ox1 state as early as 10 min after 200 μM Hcy treatment. As we previously reported that the activation of Ero1α was facilitated by reduced PDI, which was further dependent on the GSH/GSSG ratio [25] , we next examined the effect of Hcy on the redox state of glutathione in the ER by using the ER-localized ratiometric fluorescent probe roGFP ER (Fig. S3A ). The oxidizing agent diamide at 0.5 mM increased the ratio of fluorescence at 390/465 nm excitation, and the reducing agent DTT at 10 mM decreased the fluorescence ratio, validating the utility of the roGFP ER probe to monitor ER redox microenvironment in HUVECs (Figs. 4B and S3B). Notably, 200 μM Hcy caused a continuous decrease in the 390/465 nm The lysates of the thoracic aortas in normal (Ctrl) and HHcy mice were subjected to immunoblotting analysis for spliced XBP1 (XBP1s), unspliced XBP1 (XBP1u), phosphorylated eIF2α (p-eIF2α), and eIF2α. Representative blots were shown. Statistical analysis for XBP1s/XBP1u and p-eIF2α/eIF2α was indicated. Data were presented as mean ± SEM from seven biological replicates, **p < 0.01 via two-tailed Student's t-test. (B) Immunoblotting for expression of ICAM-1, VCAM-1, and Ero1α in the thoracic aortas of Ctrl and HHcy mice. Representative blots were shown. Statistical analysis for expression of Ero1α was indicated, normalized to β-actin. Data were presented as mean ± SEM from eight biological replicates, **p < 0.01 via two-tailed Student's t-test. (C, D) Immunofluorescence analysis of Ero1α (red, Ex = 568 nm) and ICAM-1 (purple, Ex = 647 nm) (C) or VCAM-1 (purple, Ex = 647 nm) (D) in the thoracic aortas of Ctrl and HHcy mice. Immunofluorescence with rabbit Ig G was used as a negative control. The aortic intima is indicated by white dashed line. BF, bright field. Scale bars, 50 µm.
(caption on next page) HUVECs were treated with 200 μM Hcy for a different time as indicated or with 5 μM Thaps for 8 h. Cell lysates were subjected to immunoblotting and statistical analysis for expression of Ero1α, BiP, XBP1s/XBP1u, p-eIF2α/eIF2α, and CHOP. Representative blots were shown. (A-B) Data were shown as mean ± SEM from three independent experiments, *p < 0.05 and **p < 0.01 via one-way ANOVA, Tukey's multiple comparisons test. (C) HUVECs were pre-treated with indicated reducing agents at different concentrations of thiols for 1 h, and H 2 O 2 levels were measured using Amplex red hydrogen peroxide/peroxidase assay. (D) HUVECs pretreated with PBS, EN460 (100 μM), DPI (10 μM), and L-NMMA (1 mM) for 2 h were incubated in 200 μM Hcy for 1 h, and H 2 O 2 levels were measured as in (C). (C-D) Data were shown as mean ± SEM from three independent experiments, *p < 0.05 and **p < 0.01 via two-way ANOVA, Tukey's multiple comparisons test. (E) Schematic diagram of detection of protein sulfenylation with an α-dimedone antibody. (F) HUVECs pre-treated with PBS or 200 μM Hcy for 4 h were incubated in media containing 5 mM dimedone for 1 h at 37°C. Sulfenylated proteins (green, Ex = 488 nm) and the ER marker PDI (red, Ex = 568 nm) were analyzed by immunofluorescence. Nuclei were counterstained with Hoechst stain (blue, Ex = 405 nm). Scale bars, 10 µm. The relative fluorescence intensities from dimedone signals were quantified. Data were represented as mean ± SEM, N = 20 cells, **p < 0.01 via two-tailed Student's t-test. fluorescence ratio in HUVECs, similar to the effect of 100 μM DTT, suggesting that the GSH/GSSG ratio was increased in the ER lumen upon Hcy treatment. Moreover, Hcy as low as 50 μM can significantly reduce the ER redox state (Fig. 4C ), and this effect caused by Hcy was prominent compared with other thiol agents ( Fig. 4D ). We also measured the effects of different thiol reagents on the redox states of cytosol and mitochondria by roGFP Cyto (Fig. S3C and D) and roGFP Mito ( The effects of Hcy on the Ero1α/PDI system mediated by GSH/GSSG were further confirmed in vitro by using recombinant proteins. In the absence of GSH, Hcy efficiently activated Ero1α only at the extremely high concentration of 10 mM ( Fig. S4A ). However, a fraction of Ero1α was immediately activated after incubation with PDI and GSH, and the addition of 200 μM Hcy into this system further promoted the activation of Ero1α (Figs. 4G and S4B). Since activated Ero1α can utilize oxygen to oxidize GSH through PDI, we thus monitored the oxygen consumption rate by using an oxygen electrode. Although Hcy was not an efficient substrate of Ero1α, its presence dramatically increased the rate of oxygen consumption catalyzed by Ero1α upon the oxidation of GSH ( Fig. 4H ). Moreover, overexpression of hyperactive Ero1α (C104/131A) (caption on next page) rather than inactive Ero1α (C99/104A) resulted in the activation of the UPR signaling, further confirming that Ero1α activity is linked to ER stress ( Fig. S5 ). Therefore, these results show that, although Hcy cannot be directly oxidized by the Ero1α/PDI system, it increases the GSH/ GSSG ratio in the ER, which, in turn, activates Ero1α to produce more H 2 O 2 and contributes to ER oxidative stress ( Fig. 4I ).
Ero1α knockdown ameliorates HHcy-induced ER oxidative stress and inflammation in endothelium
Hcy not only promoted Ero1α expression but also increased its oxidase activity. Next, we asked whether Hcy-induced ER oxidative stress could be ameliorated by Ero1α depletion. As shown in Fig. 5A , Ero1α knockdown in HUVECs was successfully achieved by using lentiviral shRNA vectors and markedly inhibited Hcy-induced BiP expression. Specifically, activation of the IRE1 and PERK pathways by Hcy treatment was greatly attenuated. Ero1α deficiency also attenuated Hcy-induced upregulation of the adhesion molecules ICAM-1 and VCAM-1. In addition, Ero1α depletion largely prevented the release of H 2 O 2 from HUVECs ( Fig. 5B ) and the Hcy-induced accumulation of ERlocalized sulfenylated proteins ( Fig. 5C ). More importantly, knockdown of Ero1α, both in the cultured aortic rings ex vivo (Figs. 5D and S6A-C) and in the carotid arteries of HHcy mice in vivo (Figs. 5E and S6D-F), led to downregulation of ICAM-1 and BiP under HHcy condition. These results indicate that depletion of Ero1α has a protective effect against Hcy-induced ER oxidative stress and vascular endothelial inflammation.
The NRF2-GPx7 axis is activated by acute Hcy treatment in HUVECs
Ero1α-produced H 2 O 2 must be promptly eliminated to avoid ROS accumulation and ER over-oxidation. We also investigated whether Hcy affects the expression of ER antioxidants. So far, three peroxidase enzymes (peroxiredoxin Prx4, glutathione peroxidase GPx7 and GPx8) have been reported to localize in the ER lumen. After 200 μM Hcy treatment for 8 h, the mRNA levels of ERO1A and GPX7 were significantly upregulated, whereas PRX4 and GPX8 were not induced ( Fig. 6A ). GPx7 is responsible for direct elimination of the H 2 O 2 produced by Ero1α [30] . We have previously elucidated that GPx7 can be induced in human fibroblasts by NRF2, the master transcription factor responsible for cellular antioxidant response [32] . Here, we observed that the protein expression of NRF2 and GPx7 in HUVECs was elevated time-dependently after Hcy treatment ( Fig. 6B ). Immunofluorescence analysis showed that nuclear accumulation of NRF2 was promoted by Hcy, albeit less efficiently than by the NRF2 activator tertiary butyl hydroquinone (tBHQ) (Fig. 6C ). Then we found that Hcy activated NRF2 through oxidation of Kelch-like ECH-associated protein 1 (Keap1), a component of Cullin-3-type ubiquitin ligase for NRF2 ( Figure  S7 ). This phenomenon was reminiscent of H 2 O 2 treatment [48] , implying that Hcy administration resulted in H 2 O 2 accumulation. Moreover, the basal level of GPx7 decreased in NRF2 knockdown HU-VECs, and Hcy-induced upregulation of GPx7 was largely abolished when NRF2 was depleted ( Fig. 6D ). Therefore, after acute Hcy treatment in HUVECs, ER-localized peroxidase GPx7 is upregulated through transcriptional activation of NRF2, probably in order to cope with ER oxidative stress.
GPx7 protects against endothelial dysfunction caused by Hcy-induced ER oxidative stress
To our surprise, the protein levels of NRF2 and GPx7 in the thoracic aortas of chronic HHcy mice greatly declined ( Fig. 7A ), which contrasted with the results of acute Hcy stimulation in vitro. By contrast, the levels of Prx4 and GPx8 were not changed ( Fig. S8 ). Immunofluorescence staining also showed that the intensity of GPx7 was decreased during HHcy treatment (Fig. 7B ). In HUVECs, the expression of GPx7 was induced by Hcy within 24 h and later suppressed up to 72 h, while Ero1α was continuously upregulated (Fig. S9 ). We therefore speculated that the inactivation of the NRF2-GPx7 pathway may aggravate Hcy-induced ER oxidative stress in the vascular system. As confirmation of the protective role of GPx7 under the condition of HHcy, HA-tagged GPx7 with ER localization (Fig. S10 ) was overexpressed in HUVECs using lentiviral vectors before Hcy treatment. Ectopic expression of GPx7 markedly alleviated Hcy-induced ER stress as indicated by BiP and p-eIF2α immunoblotting (Fig. 7C ). Moreover, overexpression of GPx7 inhibited the production of H 2 O 2 upon Hcy treatment ( Fig. 7D ) and attenuated ER-localized sulfenylated protein accumulation (Fig. 7E ). In line with this, overexpression of GPx7 prevented Hcy-induced upregulation of ICAM-1 and BiP in cultured aortic rings ex vivo (Figs. 7F and S11A, B) and in the carotid arteries of HHcy mice in vivo (Figs. 7G and S11C). Taken together, these results suggest that GPx7 protects endothelial cells from Hcy-induced ER oxidative stress and that its deficiency may contribute to HHcy-induced vasculopathy.
Discussion
HHcy has been demonstrated to cause endothelial dysfunction through cellular oxidative stress and ER stress. In this work, we provide the first evidence that redox homeostasis in the ER is the link between the oxidative stress and ER stress under Hcy treatment. The ER sulfhydryl oxidase Ero1α is responsible for ER over-oxidation and ER stress, both in Hcy-treated endothelium and in a chronic HHcy mouse model. At the transcriptional level, Hcy promotes the binding of HIF-1α to the HRE of the ERO1A promoter then upregulates Ero1α expression. At the post-translational level, Hcy allosterically activates Ero1α by increasing the GSH/GSSG ratio and reduced PDI level in the ER. The increased Ero1α activity produces excess H 2 O 2 and leads to protein over-oxidation in the ER, activation of UPR pathways and endothelial inflammation. On the other hand, the ER antioxidant pathway mediated by GPx7 is impaired during HHcy, further emphasizing the importance of the balance between Ero1α and GPx7 in HHcy-induced vasculopathy (Fig. 8) .
Notably, by using redox-sensitive GFP targeted in different cellular compartment, we observe that at pathophysiological concentration Hcy markedly reduces the ER redox state by increasing the GSH/GSSG ratio, but has less effect on the redox state of mitochondrial and cytosol. This is likely because that the ER is much more oxidizing than other cellular compartment [49] , and is more sensitive to a reductive stress. Moreover, the effects on ER redox state and H 2 O 2 release caused by Hcy are much more significant than those caused by other thiol agents, underlining the specific role of Hcy. Importantly, we find that Ero1α acts as a redox control switch that immediately changes the reducing power of Hcy into the oxidizing power of H 2 O 2 . To our knowledge, this is the first evidence that Hcy as a reducing agent, by elevating GSH/GSSG level, can trigger oxidative stress in the ER. The accumulation of H 2 O 2 causes over-oxidation of ER proteins, which leads to the activation of UPR, inflammatory, and even antioxidant pathways.
In line with our observation, recent studies showed that expression of a hyperactive mutant form of Ero1α causes UPR activation [49] and that ROS could enhance IRE1 and PERK signaling by promoting oxidation of UPR sensors or of PDIs [50] . Moreover, Ero1α is involved in ER calcium influx and efflux. Ero1α inhibits SERCA Ca 2+ pump activity [51] and stimulates IP 3 R-dependent Ca 2+ flux to the cytosol and mitochondria [52, 53] . Ca 2+ flux across the ER-mitochondria contact sites stimulates mitochondrial outer membrane permeabilization and respiratory chain dysfunction, leading to an increase in ROS, which further enhances Ca 2+ release and causes fatal UPR and apoptosis [54, 55] . Indeed, mice lacking ERO1α are partially protected against progressive heart failure in a transaortic constriction model [56] . Additionally, knockdown of Ero1α ameliorates HHcy-induced ER oxidative stress and inflammation in HUVECs and in mice (Fig. 5) .
We also find that the Ero1α-GPx7 axis plays a critical role in ER redox homeostasis regulation during HHcy. The ER resident peroxidases GPx7 is elevated under accurate Hcy stimulation, which is consistent with the previous finding that GPx7 [30] and its homologue GPx8 [57] are crucial for the control of Ero1α-derived ROS diffusion. In this model, the Ero1α/GPx7/PDI triad utilizes a single O 2 molecule to generate two disulfide bonds and two harmless H 2 O molecules (Fig. 8 ) [30] . We further identify that GPx7 upregulation is dependent on the antioxidant transcription factor NRF2. Interestingly, it has been reported that the NRF2 antioxidant response can be activated by IRE1 [58] and PERK [59] signaling. Thus, Ero1α-H 2 O 2 -IRE1/PERK-NRF2-GPx7 may constitute a feedback loop that governs ER redox homeostasis and prevents endothelial inflammation and dysfunction under acute Hcy stress (Fig. 8) . Notably, the expression of GPx7 in the thoracic aorta of chronic HHcy mice is largely suppressed. GPx7 deficiency therefore results in ER redox imbalance and accounts for Hcy-induced vasculopathy. The question that remains unanswered is how GPx7 is Fig. S11A, B. (G) In vivo external carotid artery injection assays with adenovirus vector expressing GFP or HA-GPx7 were carried out as in Fig. 5E . Representative blots were shown. The statistical analysis of BiP was shown in Fig. S11C . silenced in chronic HHcy. One possible explanation is that Hcy can be metabolized to methionine; the latter can rapidly form S-adenosyl methionine, which is a methyl donor for DNA and RNA methylation [35, 60] , and GPx7 can be silenced by promoter DNA hypermethylation [61] . Therefore, in endothelial tissue under the stress of HHcy, the decrease in GPx7, in addition to the increase in Ero1α, further exaggerates ER redox disorders and contributes to HHcy-induced vasculopathy.
Taken together, our results highlight the importance of ER oxidative stress in HHcy-induced vascular endothelial inflammation and shed light on the possibility of targeting ER redox homeostasis as an intervention for endothelial dysfunction-related vascular diseases, including arteriosclerosis, hypertension, stroke, and ischemia/reperfusion damage.
Materials and methods
Reagents and antibodies
Homocysteine (Hcy), thapsigargin (Thaps), acriflavine (ACF), tertiary butyl hydroquinone (tBHQ), diamide, glutathione (GSH), dithiothreitol (DTT), N-ethylmaleimide (NEM), N-acetylcysteine (NAC), Lcysteine (Cys), diphenylene iodonium (DPI), and Hoechst stain were purchased from Sigma-Aldrich. N G -Monomethyl-L-arginine monoacetate salt (L-NMMA, Abcam) and EN460 (Merck Millipore). The following antibodies were used in this work: anti-GPx7 (Abclonal, A3902), anti-NRF2 (Abcam, ab62352), anti-BiP (Sigma, G8918), anti-Ero1α (Merck Millipore, MABT376), anti-XBP1 (Santa Cruz, sc-7160), anti-p-eIF2α (Cell Signaling Technology, D9G8), anti-eIF2α (Abclonal, D7D3), anti-CHOP (Cell Signaling Technology, L63F7), anti-GAPDH (Sigma-Aldrich, G9295), anti-β-actin (Sigma-Aldrich, A3854), anti-ICAM-1 (Santa Cruz, sc-7891), anti-VCAM-1 (Santa Cruz, sc-8304), anti-α-tubulin (Sigma-Aldrich, T6074), anti-Lamin B1 (Abcam, ab16048), anti-HIF-1α (Novusbio, NB100-105), anti-dimedone (Merck Millipore, ABS30), anti-calreticulin (Abcam, ab2907), anti-PDI (Abcam, ab2792), non-specific mouse IgG (Beyotime, A7028), goat anti-rabbit IgG-peroxidase (Sigma-Aldrich, A0545), goat anti-mouse IgG-peroxidase (Sigma-Aldrich, A4416), goat anti-rabbit Alexa Fluor 488 (Invitrogen, A11034), goat anti-mouse Alexa Fluor 568 (Invitrogen, A11004), goat anti-rabbit Alexa Fluor 568 (Invitrogen, A21069), and goat anti-mouse Alexa Fluor 647 (Invitrogen, A31571).
HHcy mouse model and cell culture
For the chronic HHcy model, male C57BL/6J mice (6-8 w), purchased from the Animal Center of Peking University Health Science Center, were maintained with or without 1.8 g/l DL-Hcy in their drinking water for 4 w. The mice were randomly divided into different treated groups. The total plasma Hcy was quantified to be 20-30 μM by gas chromatography-mass spectrometry as we described before [62] .
For the acute HHcy model, mice were injected with Hcy (50 mg/kg dissolved in 0.4 ml normal saline) through tail vein. Human umbilical vein endothelial cells (HUVECs, from Dr. X. Yan, Institute of Biophysics, CAS) [63] and HEK293T cells (from Dr. G. H. Liu, Institute of Biophysics, CAS) were cultured in RPMI 1640 media (HyClone) supplemented with 10% fetal bovine serum (Gibco) and penicillin/streptomycin (Gibco). All cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 . For knocking down HIF-1α, HUVECs were transfected with siRNA targeting HIF1A (sense: UACUCAGAGCU UUGGAUCAAGUUAA and anti-sense: UUAACUUGAUCCAAAGCUCUG AGUA) or a scrambled stealth RNAi duplex (Invitrogen) for 72 h using RNAi MAX (Invitrogen).
Lentivirus preparation
The cDNA of HA-tagged GPx7 (HA-GPx7), HA-tagged Ero1α or its mutants, FLAG-luciferase and GFP were cloned into a pLE4 lentiviral vector kindly provided by Dr. G. H. Liu (Institute of Biophysics, CAS). shRNA sequences targeting human ERO1A (GGGCTTTATCCAAAGTGT TACCATT) and NRF2 (GTAAGAAGCCAGATGTTAA) were cloned into pLVTHM/GFP (Addgene, 12247). Lentivirus particles were generated from HEK293T cells by co-transfecting lentiviral vectors with the packaging plasmids psPAX2 (Addgene) and pMD2G (Addgene), for transduction in the presence of 4 μg/ml polybrene.
Ex vivo aortic ring assay
Ex vivo aortic ring assays were carried out as previously described [64] . Briefly, C57BL/6 male mice (6-8 w) were sacrificed by CO 2 inhalation. The isolated thoracic aortas were washed with serum-free RPMI 1640 media, cleaned of connective tissue, and divided into 1-2 mm rings, that were then cultured with endothelial cell basal medium (Lonza, CC-3156) supplemented with 10% fetal bovine serum (Gibco). Adenovirus vectors (Hanbio Biotechnology) expressing a control shRNA or an shRNA targeting mouse ERO1A (CAGCTCTTCACTG GGAATAAA), GFP or HA-GPx7 cDNA were transduced into the cultured aortic rings, which were then cultured for 48-72 h. Phosphate-buffered saline (PBS) or 200 μM Hcy was added, and after 4 h the aortic rings were lysed, followed by immunoblotting analysis.
In vivo external carotid artery injection assay
In vivo external carotid artery injection assay was performed according to the protocol reported [65, 66] with some modifications. Male C57BL/6J mice (6-8 w) were first applied with a U-clip on the bottom of the left carotid artery and the left internal carotid artery, and the external carotid artery was ligated with stitches. 0.1 ml of adenovirus vector expressing a control shRNA or an shRNA targeting mouse ERO1A, GFP or HA-GPx7 cDNA (1 × 10 10 TU/ml) was injected to the lumen of the external carotid arteries with a needle. 40 min later, the clip was loosed and the skin was sutured. After 72 h, normal saline (0.4 ml) or Hcy (50 mg/kg dissolved in 0.4 ml normal saline) was injected into the tail vein. In this model, the plasma level of Hcy can reach up to 1000 μM in 5 min after administration, and remains at 50 μM at 90 min [67] . The mice were sacrificed by CO 2 inhalation 1 h after injection, and the carotid arteries were harvested, lysed, and subjected to immunoblotting analysis. The carotid arteries were prepared by a professional technician and the immunoblotting were analyzed by another investigator, both of whom were blinded to the assessment of the analyses.
Nuclear/cytosol fractionation
HUVECs were lysed with cytoplasmic lysis buffer (10 mM HEPES buffer, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.4% (v/v) NP-40, 1 mM DTT, and protease inhibitor cocktail), and the lysates were collected by centrifugation at 12,000g for 3 min. The intact nuclei were washed twice with cytoplasmic lysis buffer and then lysed in nuclear lysis buffer (20 mM HEPES buffer, pH 7.9, 0.1 mM EGTA, 0.2 mM EDTA, 420 mM NaCl, 1 mM DTT, 25% (v/v) glycerol, 0.1% (v/v) NP-40, and protease inhibitor cocktail) with vortex for 30 min at 4°C. The nucleoplasmic fraction was collected by centrifugation at 12,000g for 15 min.
Immunoblotting assay
HUVECs or thoracic aorta were lysed in lysis buffer (Merck Millipore) with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche). Protein concentrations were quantified using a BCA Kit (Beyotime). Portions of lysate with equal amount of protein were subjected to SDS-PAGE and then electrotransferred to a polyvinylidene fluoride membrane (Merck Millipore). After being blocked with 10% bovine serum albumin (BSA), the membrane was incubated with primary antibodies (1:1000 or 1:500) overnight at 4°C, followed by incubation with peroxidase-conjugated goat anti-rabbit or antimouse IgG (1:5000) for 1 h at room temperature, and then detected by enhanced chemiluminescence (Thermo Scientific) and imaged using a ChemiScope Mini chemiluminescence imaging system (Clinx Science). Band intensities were quantified using the software ImageJ (National Institutes of Health).
Immunofluorescence staining assay
HUVECs and thoracic aortas were fixed with acetone-methanol (1:1, v/v) for 15 min at − 20°C, washed in PBS, and blocked with 10% BSA in PBS with 0.1% Triton X-100 (PBST) for 30 min. HUVECs were incubated with anti-NRF2 (1:200), and the frozen thoracic aorta sections were incubated with anti-Ero1α (1:200) and anti-ICAM-1 (1:100) overnight at 4°C, then washed with PBST and incubated with goat antirabbit Alexa Fluor 488 (1:500)/goat-anti-mouse Alexa Fluor 568 (1:500) for 1 h. The cells were counterstained with 0.05 mg/ml Hoechst stain for 10 min, rinsed with Hank's Balanced Salt Solution (HBSS, Gibco), and analyzed by confocal laser scanning microscopy (Zeiss, LSM710).
Protein sulfenylation determination
HUVECs pre-treated with Hcy for 4 h were incubated with 5 mM dimedone for 1 h at 37°C, washed with PBS and fixed with acetonemethanol (1:1, v/v) for 10 min at − 20°C, then washed again with PBS.
After being blocked with 10% BSA in PBST for 30 min at room temperature, the cells were incubated with anti-dimedone (1:2000) and anti-PDI (1:1000) in PBST overnight at 4°C. After being washed with PBST, the cells were incubated with goat anti-rabbit Alexa Fluor 488 (1:500)/goat anti-mouse Alexa Fluor 568 (1:500) or goat anti-rabbit Alexa Fluor 568 (1:500)/goat anti-mouse Alexa Fluor 647 (1:500) in PBST for 1 h, washed with HBSS, counterstained with 0.05 mg/ml Hoechst for 10 min, and rinsed with HBSS. Finally, the cells were analyzed by confocal laser scanning microscopy (Zeiss, LSM710).
Reverse transcription quantitative PCR (RT-qPCR)
RNA of 2 μg prepared using TRIzol Reagent (Invitrogen) was reverse transcribed into cDNA with a GoScript Reverse Transcription System (Promega). qPCR was carried out using SYBR Select Master Mix (Applied Biosystems) and a QuantStudio 7 Flex machine (Applied Biosystems), following the manufacturer's instructions. All qPCR primer pairs were listed in Table S1 , and the relative mRNA levels were normalized to β-ACTIN and calculated as 2 -ΔΔCT .
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as previously described [68] . Briefly, HUVECs were treated with Hcy or PBS for 2 h, then cross-linked by 1% formaldehyde. The cells were then lysed. The released chromatin was sonicated for being sheared into fragments. HIF-1α protein was immunoprecipitated by mouse anti-HIF-1α monoclonal antibody or nonspecific mouse IgG. After protease K digestion, the de-crosslinked DNA was extracted for PCR analysis with primers flanking the putative hypoxia response element (HRE) within the ERO1A promoter. The products were resolved by 1.5% agarose gel electrophoresis. All the primers are listed in Table S2 .
Determination of H 2 O 2
The production of cellular H 2 O 2 was quantified by using the a Amplex red hydrogen peroxide/peroxidase assay kit (Invitrogen, A22188). HUVECs (100,000 cells) were harvested, resuspended in HBSS, seeded into a 96-well plate and cultured with different reducing agents for 1 h at 37°C. 50 μM Amplex red reagent and 0.1 U/ml horseradish peroxidase (HRP) in HBSS was added into each well and incubated at room temperature for 30 min. The fluorescence intensity at 590 nm with excitation at 545 nm was traced using a Varioskan Flash (Thermo Fisher).
ER redox state examination
The plasmid expressing an ER-localized redox-sensitive green fluorescent protein (roGFP1-iE ER ) [69] was a generous gift from Dr. C. Appenzeller-Herzog (University of Basel), and additional mutations (S30R, T39N, N105T, I171V) were inserted to generate superfolded-roGFP-iE ER (hereafter referred to as roGFP ER ) as described [70] . The plasmid expressing mitochondria-localized Grx1-roGFP2 (hereafter referred to as roGFP mito ) was kindly provided by Dr. T. P. Dick (Heidelberg University), and cytosolic Grx1-roGFP2 (hereafter referred to as roGFP cyto ) was kindly provided by Dr. C. Chen (Institute of Biophysics, CAS). For the redox state measurement, HUVECs were transfected with roGFP ER , roGFP mito , or roGFP cyto using Lipofectamine 2000 (Invitrogen). After 48 h, cells were trypsinized, washed by HBSS, and seeded in a 96-well plate. After addition of oxidizing or reducing agents, time-dependent fluorescence changes of roGFP ER at 515 nm were traced with excitation at 390 and 465 nm using a Varioskan Flash (Thermo Fisher). The fluorescence changes of roGFP mito or roGFP cyto were recorded at 525 nm with excitation at 405 and 488 nm.
Ero1α redox state measurement in cells
HUVECs were treated with Hcy for different times, immediately blocked with 20 mM NEM for 15 min, and then lysed using lysis buffer (Merck Millipore) containing 50 mM NEM. The lysates were analyzed by nonreducing SDS-9%PAGE and immunoblotting to determine the redox states of Ero1α. Two oxidized Ero1α species (Ox1, active form; Ox2, inactive form) and fully reduced Ero1α (Red) were indicated. The ratio of activated Ero1α was quantified by densitometry and calculated as (Ox1/(Ox1 + Ox2) × 100%).
Ero1α redox state determination in vitro
Ero1α and PDI proteins were purified as previously described [25] . A mixture of 200 μM Hcy, 10 μM PDI protein and 1 mM GSH was preincubated in reaction buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2 mM EDTA) at 25°C for 30 min. The reaction was started by adding Ero1α protein to a final concentration of 1 μM. Aliquots were taken at different times, quenched with 20 mM NEM, and analyzed by nonreducing SDS-9%PAGE followed by immunoblotting to determine the redox states of Ero1α.
Oxygen consumption assay in vitro
Oxygen consumption was measured at 25°C using an Oxygraph Clark-type oxygen electrode (Hansatech Instruments) as described previously [25] . Briefly, reactions were initiated by adding Ero1α protein to a final concentration of 2 μM in oxygen consumption buffer (100 mM Tris-HAc, pH 8.0, 50 mM NaCl, 2 mM EDTA, 20 μM PDI protein) containing 2 mM GSH or 400 μM Hcy.
Statistical analysis
The number of independent experiments/biological replicates/ technical replicates used for comparison was indicated in each figure legend. Data was expressed as mean ± SEM. The two-tailed Student's ttest was used to analyze data between two groups and the ANOVA followed by Tukey's multiple comparisons test were used when more than two groups were present. Statistical significance was considered when p < 0.05. Significance levels were defined as *p < 0.05; **p < 0.01.
Ethics statement
All mouse husbandry and experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the Health Science Center of Peking University, and all efforts were made to minimize the animals' suffering.
